Noiseless electro-optic processing of optical signals generated with squeezed light by Lam, PK et al.
Noiseless electro-optic processing of optical
signals generated with squeezed light
P. K. Lam, T. C. Ralph, E. H. Huntington,
D. E. McClelland and H.-A. Bachor
Department of Physics, Faculty of Science,
The Australian National University, Canberra, ACT 0200, Australia
Phone: +61(2) 6249 3523, Fax: +61(2) 6249 0741.
Ping.Lam@anu.edu.au
Abstract: We demonstrate an elegant way of handling optical sig-
nals which are generated using squeezed states of light without losing
their improved signal to noise ratio. We do this by amplifying, without
signicant noise penalty, both signal and noise away from the quan-
tum noise limit into the classical domain. This makes the information
robust to losses. Our system achieves a signal transfer coecient, Ts,
close to unity. As a demonstration we amplify a small signal carried by
35% amplitude squeezed light and show that unlike the fragile squeezed
input, the signal amplied output is robust to propagation losses. A sig-
nal transfer coecient of Ts = 0:75 is achieved even in the presence of
large introduced (86%) downstream losses.
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1. Introduction
Quantum noise is an important and frequently limiting criterion for the performance
of optical systems. For example, the size of quantum fluctuations in the amplitude
quadrature limits the ability to measure or communicate small amplitude signals with
a beam of light1. The signal to noise ratio, SNR, dened as the ratio of the signal
variance, VS(Ω), and the noise variance, VN(Ω), describes the quality of the information
carried by the light at one particular detection frequency Ω. Our aim is to design and
operate a system that can process optical information without a reduction of the SNR.
In other words, a system that has a signal transfer coecient from input to output
Ts = SNRout=SNRin close to unity.
In order to design and optimize the optical system, we require techniques that
describe how the noise and the signals are generated and transferred. The main tool is
the derivation of noise transfer functions which describe how the various noise sources,
quantum and classical, contribute to the total output. Linearized transfer functions can
be obtained provided the fluctuations due to the signals and noise are small compared
to the coherent amplitude of the light. This tool was developed for passive systems, such
as beamsplitters, interferometers, cavities and nonlinear media2. More recently it has
been expanded to include active systems such as solid state lasers3;4 and electro-optic
control systems5;6;7. Most systems behave quite dierently near the quantum noise limit
(QNL) than in the classical regime. As an illustration we show the example of electro-
optic intensity feedback control which clearly demonstrate the special properties of the
transfer functions at the QNL.
In principle, coherent light with fluctuations at the QNL, where VN(Ω)=1, or
even squeezed light with fluctuations below the QNL, would be ideal for the detection
and transmission of small signals. However such signals are very fragile to losses. This
is because loss inevitably introduces vacuum fluctuations. When both signal and noise
are well above the QNL this eect is negligible and loss reduces signal and noise equally,
preserving the SNR. However, close to the QNL the vacuum fluctuations prevent the
noise floor from going below the QNL thus reducing the SNR. If the light is squeezed
such that the noise floor is initially below the QNL the vacuum fluctuations introduced
by loss increase the noise floor towards the QNL, reducing the SNR even more rapidly.
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A solution to this problem is to amplify the signal, by a factor G = VS;out=VS;in,
until it is much larger than the QNL and hence robust to losses8 . However, this has prob-
lems as phase insensitive ampliers (PIA’s), such as laser ampliers, also inevitably
introduce excess quantum noise. This excess noise reduces the SNR in the high gain
limit by a factor VN=(VN + 1)
9;10. For coherent light (VN = 1) the SNR is halved. For
squeezed light the penalty is greater. To avoid this noise penalty, amplication must be
phase sensitive10. That is the amplier must be able to amplify one quadrature (say
the amplitude) whilst deamplifying the conjugate quadrature (the phase). The deam-
plication must be at least as large as the amplication. Phase sensitive amplication
can be realized by non-linear optical processes. For example, optical parametric am-
plication has been used to amplify intensity signals with almost no noise penalty11.
Unfortunately such experiments are complex and have usually achieved only small gains.
Another method of phase sensitive amplication is to simply detect the light electroni-
cally, amplify the resulting photo-current and then re-emit the light using an LED12;13
or a diode laser. This method is phase sensitive as only the intensity is measured and
amplied. The drawback to this method is that all phase information is destroyed by the
detection process. The amplied output has no temporal or spatial coherence with the
input beam. Here we present an alternative method, based on electro-optical feedfor-
ward, that combines all the advantages; it allows large values of gain, G 1; is noiseless,
(Ts  1) and maintains a coherent link between input and output. This method amplies
the signal carried on the eld rather than the power of the input.
2. Electro-optic feedback near the QNL
It is an obvious idea that the intensity noise of a laser can be reduced using an electro-
optic modulator and a feedback controller. Practical applications are the suppression
of the large modulations associated with the relaxation oscillation and the suppression
of technical noise due to mechanical imperfections of the laser. The schematic of a
noise eater is shown in Fig. 1. It uses a beam splitter (BS) to generate a beam that is
detected by the in-loop photo detector Dil and control electronics, with a combination of
proportional, integral and dierential (PID) gains, that drive an amplitude modulator
(AM). The laser has a noise spectrum Vlas(Ω) which is noise suppressed by the feedback
system to a much quieter spectrum Vout(Ω).
EOM
BS
d v1
Dout
Laser
PID Dil
AM
Vlas(W ) Vout(W )
h
Figure 1. Schematics of an electro-optic feedback noise eater.
Using standard control theory14, the feedback system can be described by the
open loop gain h(Ω) = (1−")(Ω) where " is the beamsplitter transmission and  is the
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in-loop detector eciency. The open loop gain quanties the action of the entire feedback
system, including beamsplitter, detector, amplier and modulator. The electronic gain
(Ω) is a complex quantity representing changes in the magnitude and the phase of the
modulation. The phase shifts are due to the delay in the loop, introduced by the physical
layout of the system and the phase shifts inside the electronic components. For stable,
noise suppression we need <(h(Ω)) < 0, that is negative feedback. Fig. 2. shows typical
Bode plots of the gain spectrum h(Ω) plotted in separate diagrams for the magnitude
jh(Ω)j and the phase arg(h(Ω)) as functions of frequency Ω.
Figure 2. Bode plot of a typical feedback open loop gain.
Classical control theory leads to the following simple transfer function relating
the noise spectrum of the input light from the laser (Vlas) to the noise spectrum of the
output light (Vout).
Vout(Ω) = "
1
j1− h(Ω)j2
Vlas(Ω): (1)
All spectra are normalized to the QNL. Without feedback (h(Ω) = 0) the output is just
the input scaled by the beamsplitter transmission. With feedback there is noise sup-
pression of 1=j1− h(Ω)j2. Noise can be made arbitrarily small with large gain. However
for realistic situations (see Fig.2) there will be frequencies where the noise is increased.
The behavior of the feedback system near the QNL is quite dierent. In this
case there will be additional contributions from the vacuum eld which enters at the
empty port of the beamsplitter and vacuum noise due to the non unity eciency of
the in-loop detector. The complete quantum theory 6;7 produces the following sum of
transfer functions relating the output spectrum to the various input noise sources
Vout(Ω) =
"Vlas(Ω) + j1− "− h (Ω)j
2 V1 + jh (Ω)j
2 " (1− )V2
j1− h (Ω)j2
(2)
where V1 and V2 are the vacuum noise sources due to the beamsplitter and the detector
ineciency respectively. As they are vacuum noise V1 = V2 = 1. This complete solution
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is valid at all levels of input noise. It is instructive to consider the extreme limits. First
take the classical limit for a laser with large fluctuations, where Vlas(Ω)  1. In this
limit, we obtain Eq. (1). The other limit is the performance of the noise eater for a QNL
laser. Here we set Vlas(Ω) = 1 and obtain
Vout(Ω) = 1 +
"jh(Ω)j2
(1− ")j1− h(Ω)j2
: (3)
This is a rather interesting result in that it provides extra noise thus making
Vout(Ω) > 1. As a consequence, the output noise variance is always larger than the QNL.
A noise penalty appears for the noise eater which does not eat quantum noise instead it
actually generates excess noise. The higher the gain and the smaller the fraction (1− ")
of the light used for control, the more excess noise is generated. For example, if only
10% of the light is used for the control (1− " = 0:1) and the open loop gain is h = −5
(negative feedback) the output variance will be 1:7. It could be signicantly larger if
the feedback phase is not optimum. In order to avoid this noise penalty all the light
would have to be detected (" = 0) which is clearly impractical. One can minimize the
excess noise by detecting most of the light, leaving only a small intensity at the output.
Alternatively, the gain can be reduced.
Figure 3. The eect of a noise eater on input laser noise. Output noise spectra are
shown in black. Various input noise levels (Vlas=300, 100, 30, 10, 3, 1) are shown.
Regions where the black traces are below the reds are regions of noise suppression.
To illustrate this quantum eect the performance of the noise eater with a gain
as shown in Fig. 2. has been evaluated for a wide range of input laser noise levels, from
Vlas= 300 to Vlas = 1. All noise spectra in Fig. 3. are normalized to the QNL. The rst
trace of Vlas=300, shows the classical noise eater response. The noise is suppressed from
very low frequencies to 1MHz. The maximum gain results in the best noise suppression
at 300kHz. This feedback loop functions well at medium frequencies where the gain
is large. But at higher frequencies the phase has increased too much and excess noise
is created. A clear hump is visible from 1MHz to 40MHz. This result is typical for a
realistic feedback system. The subsequent traces show the transition from the classical
to the quantum regimes. At noise levels of Vlas = 10 the response is almost flat since in
this case noise suppression and noise penalty balance each other. The nal trace, for a
QNL laser Vlas = 1, clearly demonstrates the noise penalty incurred. The noise produces
about 8 dB of excess noise.
The excess noise is required to ensure that no violation of the uncertainty
principle is possible. Consider the situation in which the input laser light is very strongly
(C) 1998 OSA 2 February 1998 / Vol. 2,  No. 3 / OPTICS EXPRESS  104
#3012 - $10.00 US Received October 29, 1997; Revised January 30, 1998
phase squeezed. The feedback loop is (ideally) unaected by and has no eect on the
phase quadrature. Suppose the beamsplitter was 50/50. Then close to 50% (3dB) phase
squeezing will still appear in the output. To maintain the uncertainty relations the
amplitude quadrature of the output must not fall below twice the QNL. This is indeed
the high gain limit (h!1) of Eq. 2. with unit in-loop detection eciency and " = :5.
The origin of the excess noise is the vacuum entering the empty port of the beamsplitter.
A more physical explanation for the noise penalty is to observe that the beam-
splitter can be considered a random selector of photons. That is photons are randomly
directed to either the in-loop or out-of-loop detector. The noise measured by the in-loop
detector thus contains a random component which is anti-correlated to the fluctuations
transmitted to the output. This small fraction of the noise is detected, converted into a
current, amplied, and added by the modulator to the remaining fluctuations of the light
from the laser. Unlike the correlated classical noise, the photon partition noise which was
detected cannot cancel the remaining noise since there is an anti-correlation between
them. Instead, they add leading to the excess noise. That is, the feedback loop amplies
the quantum noise entering through the empty port of the in-loop beamsplitter15;16.
The more gain we apply the worse it gets. This picture suggests that a small amount
of positive feedback could be used to reduce the noise introduced by the beamsplitter.
Indeed from Eq. 2. we see that if we choose h = 1 − " or equivalently  = 1 then the
beamsplitter noise will be exactly canceled. As the denominator is now less than one
the eect will be to amplify the laser noise. This suggests that a low noise signal am-
plier could be constructed from a positive feedback loop. For stability reasons such an
amplier is more conveniently demonstrated using a feedforward loop. In the following
two sections we present this demonstration.
3. Noiseless amplication with electro-optic feedforward
l /2
EOM
PBS
Dout
Signal
Filter
Amplifier
Dil
AM
e
h i,d v1
e m
d v1
Vin(W ) Vout(W )
h o,d v3
Figure 4. Schematics of an electro-optic feedforward amplier.
In this section, we investigate the electro-optic feedforward scheme shown in Fig. 4.
Similar to electro-optic feedback, a beam splitter is used to tap o part of the input
light to an in-loop detector17. However, the detected in-loop photo-current is instead
used to feed information forward onto the transmitted beam after the beam splitter. The
transfer function of the scheme, taking into account the quantum noise contributions in
this case, is given by18
Vout(Ω) = "moj
p
" + (Ω)
p
(1− ")ij
2 Vin(Ω)
+"moj
p
(1− ")− (Ω)
p
"ij
2 V1
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+"moj(Ω)
p
(1 − i)j
2 V2
+(1− "mo) V3; (4)
where "’s represent the transmittivities of various components and ’s are the eciencies
of the photodetectors as shown in Fig. 4. The vacuum noises V1; V2 and V3 are due to the
beam splitter, ineciencies of the in-loop detector and the output detector, respectively.
As before V1 = V2 = V3 = 1. Because the optical control in feedforward is not looped
back onto itself as in the case of feedback, the open loop gain (Ω) only aect the output
beam linearly and operation is always stable. Two plots of the signal transfer coecient
as a function of gain are shown in Fig. 5.
Figure 5. (i) and (ii). Signal transfer coecient for varying electronic gain, ,
at one detection frequency for dierent beam splitter reflectivity (10%, 30%, 50%,
70%, 80%, 90%, 95%). (i) Ideal system with no detector or modulator losses. The
plots show that there is always a positive feedforward gain which yields Ts = 1
corresponding to noiseless amplication. The negative feedforward values which
give Ts = 0 correspond to optimum noise-eating operation. (ii) Realistic system
with i = 0:90 and o"m = 0:60. In this case the maximum Ts values for each
reflectivity describe a locus of points asymptoting to the in-loop detector eciency.
Assuming the system is lossless, i = o = "m = 1, and taking  as real, Eq. 4
then reduces to
Vout(Ω) =
p
" + (Ω)
p
(1− ")
2
Vin(Ω)
+
p
(1− ") − (Ω)
p
"
2
; (5)
Note that the electronic gain parameter (Ω) in Eq. 5 is positively multiplied to the input
signal Vin(Ω) whilst at the same time is negatively influencing the residual noise term
(second term). This is the same anti-correlation property discussed for the feedback
system. If we choose the open loop gain to be  = −
p
"=
p
(1− ") corresponding to
negative feedforward, the rst term of Eq. (5) is completely canceled leaving the output
completely independent of the input signal.
Vout(Ω) =
1
1− "
(6)
This corresponds to the point of Ts = 0 for the plots in Fig. 5(i). Again, we note that
although all of the input signal has been ‘eaten’, we are still left with a noise floor that is
much larger than the QNL, analogous to the characteristics of the feedback noise-eater.
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Figure 6. Experimental results of the electro-optic feedforward scheme. The
in-loop detector eciency is i = 0:92. (i) " = 0:5. The maximum Ts occurs at
opt in agreement with theory. (ii) " = 0:1, for low transmittivity, the maximum
Ts occurs at high signal gain. Traces shown are limiting cases: (a) is the Ts value
corresponding to the in-loop signal. Points above this line are evidence of the can-
cellation of quantum noise; (b) is the Ts;max of the scheme limited mainly by the
in-loop detector eciency. (iii) Locus of Ts;max, obtained for various transmittivity
". Also shown is the best possible performance of a phase insensitive amplier.
However, if we now choose the open loop gain such that  =
p
1− "=
p
" = +
corresponding to positive feedforward, then the beamsplitter noise term of Eq. (5) is
completely canceled instead. The output of the feedforward scheme becomes
Vout(Ω) =
1
"
Vin(Ω): (7)
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This corresponds to the point of Ts = 1 for the plots in Fig. 5(i). This is the ideal
limit for this phase sensitive amplier. Eq. (7) is the transfer function of a noiseless
amplier with G = 1=". In this scheme, it is the simultaneous ability to amplify the
input noise (rst term), while canceling the vacuum noise from the feedforward beam
splitter (second term) which make the amplier noiseless.
When losses are present, the maximum Ts value is no longer 1 (see Fig. 5(ii)). At
high electronic gains Eq. 4 implies that Ts will approach the in-loop detector eciency.
The gain which maximizes Ts however, is now somewhat greater than the value of +.
Fig. 6. shows experimental results of the feedforward scheme in excellent agreement with
theory. These results show that a practical system can obtain Ts much greater than that
for an ideal, standard, phase insensitive laser amplier. We measure these values of Ts
by amplitude modulating the input eld with a xed modulation depth and frequency.
We measure the signal to noise ratio of the eld before and after the feedforward loop.
4. Noiseless processing of squeezed light
In this section, we use our feedforward system to signal amplify amplitude squeezed
light, which is notoriously sensitive to losses. As our squeezed light source, we use the
second harmonic output from a singly resonant frequency doubler as described in19.
A small input signal is obtained by amplitude modulating this light eld at 10 MHz
before it is incident on the in-loop beamsplitter. The signal was slightly above the QNL.
Accounting for detection eciency, SNRin = 1:100:03. We used this as our test signal
for the noiseless amplier.
Figure 7. Experimental demonstration of lossy transmission and noiseless ampli-
cation of amplitude squeezed light
The top half of Fig. 7. shows the input measured noise spectra. This is obtained
by using a balanced detector pair to perform self-homodyne measurements on all of
the input light. The red trace shows the QNL, which is obtained by subtracting the
photo-currents of the two detectors. The blue trace is the addition of the two photo-
currents, which gives the noise spectrum of the input light. Regions where the blue
trace is below the red are thus regions of amplitude squeezing. The maximum measured
squeezing of 1.6 dB is observed in the region of 8-10MHz on a 26mW beam. The inferred
value after taking into account the detection eciency and electronic noise floor is
1.8dB. Other features of the spectra include the residual 17.5MHz locking signals of the
frequency doubling system19 and the low frequency roll-o of the photo-detector, which
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was introduced to avoid saturation due to the large relaxation oscillation of the pump
laser at  0.5MHz.
The bottom half of Fig. 7 shows the measured noise spectra obtained from the
output detector. Frame 1. of the diagram shows the output spectrum when the input
amplitude squeezed light is unprocessed. We simulate transmission losses by adding a
total of 86% absorption ("om = :14) before detecting the transmitted signal using the
output detector. We observe a signicant reduction of the SNR in the output beam. Only
0.4dB of signal is now above the surrounding noise floor. This corresponds to a Ts = 0:11
in agreement with that predicted for the amount of attenuation introduced. In order
to perform signal amplication on the input, we reflect 90% (corresponding to " = 0:1)
of the input light into the in-loop detector. The second frame of the gure shows that
the output signal is now no longer visible since this is equivalent to having only 1.4%
of light transmitted. Because of the large amount of attenuation present, trace (b) can
be regarded as itself quantum noise limited to within 0.1dB over most of the spectrum.
Finally, by choosing the optimum feedforward gain, the green trace in Frame 3. shows
the amplied input signal with SNRout = 0:82 0:03 and G = 9:3 0:2dB. Note that
the green trace has a dierent shape to the traces of previous frames. This is due to the
transfer function of the in-loop electronics and the phase variation of the feedforward
across the frequency spectrum. As can be seen, the bandwidth of the RF gain is from
7MHz to 21MHz. However, the optimum feedforward gain is only satised at limited
regions of the spectrum, for example at 10MHz. Note that both Frame 2. and Frame 3.
contain traces that are of the same intensity, hence the output signal is now signicantly
above the QNL. That is the reason why the amplied output is far more robust to
losses then the input. In spite of the presence of large introduced losses the amplier
still performs better than an ideal phase insensitive amplier. This result corresponds
to a signal transfer coecient of Ts = 0:75  0:02, again in good agreement with the
theoretically calculated result of Ts = 0:77. In comparison, an ideal phase insensitive
amplier with similarly squeezed input can only achieve Ts  0:4.
5. Conclusion
In conclusion, we have shown that an electro-optic feedforward scheme can be used as
a noiseless signal amplier. The scheme does not employ any non-linear optical process
and preserves optical coherence. It is phase sensitive as it only amplies the ampli-
tude quadrature. The optimum performances are explained in terms of the cancellation
of vacuum fluctuations that are introduced during the measurement process. We have
demonstrated the eectiveness of our scheme by amplifying signals carried by squeezed
light with minimal loss of signal to noise, even in the presence of large (86%) losses.
The scheme does cause a reduction of the optical power of the signal beam, however,
this is not in principle a disadvantage as injection locking can be used to restore or even
increase the output intensity without aecting the fluctuations20. In fact, as the signal
is well above the QNL after amplication, it is now robust and can be further ampli-
ed by standard phase insensitive ampliers, such as a laser amplier, with negligible
degradation of the SNR.
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